The possible involvement of transglutaminase-catalyzed reactions in survival of adult worms, microfilariae (mf), and infective larvae of the Milarial parasite Brugia malayi was studied in vitro by using the specific pseudosubstrate monodansylcadaverine (MDC) and the active-site inhibitors cystamine or iodoacetamide. These inhibitors significantly inhibited parasite mobility in a dose-dependent manner. This inhibition was associated with irreversible biochemical lesions followed by filarial death. A. structurally related, inactive analog of MDC, dimethyldansylcadaverine, did not affect the mobility or survival of the parasites. Adult worms failed to release mf when they were incubated in the presence of MDC or cystamine, and this inhibitory effect on mf release was concentration dependent. Similar embryostatic and macrofilaricidal effects of MDC were observed in Acanthocheilonema viteae adult worms. These studies suggest that transglutaminase-catalyzed reactions may play an important role in the growth, development, and survival of filarial parasites.
Despite the severe toxic effects associated with its use, diethylcarbamazine, a microfilaricide, has been a drug of choice in the treatment of human filariasis for several years (19) . Treatment of onchocerciasis with suramin as a macrofilaricide was encouraging, but its use is also limited by its relatively high toxicity (13) . Recently, ivermectin, a semisynthetic analog of macrocyclic lactone, was found to have microfilaricidal activity against filarial parasites and limited side effects; it is currently considered an effective alternative drug to DEC (25) . Several other macro-and microfilaricidal agents have been tested in vivo and in vitro, but with only partial success (22) . Although in vitro culture and drug screening are regarded as fundamental bioassays for filaricidal studies, the limitations of these assays are considerable, because the results are poorly predictive (24) . Yet, it is generally recommended by the World Health Organization that a rational approach to the design of macrofilaricidal drugs as chemotherapy be used. In particular, the design should be based on still unidentified parasite-specific metabolic pathways or key regulatory enzymes so essential to the parasite that their interruption leads to slow or instantaneous parasite death. Recently, we described the presence of a novel protein cross-linking enzyme, transglutaminase (TGase; EC 2.3.2.13), in adult worms of B. malayi (18) .
TGases are a family of enzymes that catalyze the Ca2+-dependent acyl transfer reaction between peptide-bound glutamine residues and primary amines, including the e-amino group of lysine residues in the appropriate peptides (9, 11) . TGase of filarial parasites (pTGase) is a 22-kDa protein whose activity was shown to be essential to the in utero growth and differentiation of microfilariae (mf) (18) . Our recent studies (18a) have revealed several unique features of pTGase. For example, pTGase is a much smaller enzyme than its counterparts in mammalian system (4, 10 
MATERUILS AND METHODS
Parasites. Brugia malayi infections were routinely maintained in our laboratory by using Meriones unguiculatus jirds and Aedes aegypti mosquitoes. Adult worms and mf of B. malayi were recovered from the peritoneal cavities of jirds 4 to 6 months after infection with L3. The filarial parasite A. viteae was maintained in the jird and the soft tick, Ornithodorus moubata, as described earlier (26) . Adult worms were obtained from the skin and underlying tissue surface of jirds. Worms were washed three times with Hanks balanced salt solution and separated into male and female worms in HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-buffered RPMI 1640 containing 100 p.g of streptomycin ml-, 100 U of penicillin ml-', and 10% heat-inactivated fetal calf serum (referred to from now on as medium). The mf collected from the peritoneal cavity were subjected to centrifugation on lymphocyte separation medium, to eliminate peritoneal cell contamination in the mf suspension (14) . After penicillin ml-1, and 0.25 jig of fungizone ml-') and were then counted and resuspended in normal medium. Inhibitors. The TGase inhibitors monodansylcadaverine (MDC), a competitive substrate inhibitor; dimethyldansylcadaverine (DDC), a structurally related inactive analog of MDC; and cystamine and iodoacetamide, both active-site inhibitors, were purchased from Sigma Chemical Company (St. Louis, Mo.). Different concentrations of these inhibitors were prepared fresh before each experiment in medium, and the pH of the working solution was adjusted t6 7.5.
Effect of enzyme inhibitors on parasite viability. Adult male or female worms (n = 2), mf (n = 0.15 x 105), or L3 (n = 20) were incubated in 1 ml of medium alohe or medium containing MDC, DDC, cystamine, or iodoacetamide at appropriate concentrations in a 24-well tissue culture plate (Costar, Cambridge, Mass.). Plates containing parasites were incubated at 37°C in a 95% air-5% CO2 atmosphere. Frozen parasites Were thawed and used as negative controls. Experiments were carried out in duplicate, and the results were expressed as an average of two independent experimental values.
Assessment of parasite viability. (i) Visual inspection. Parasite viability and killing were assessed visually by using a Leitz inverted microscope, and the observations were scored as -, inactive or dead; +, less active; + +, moderately active; and + + +, highly active.
(ii) MTT reduction assay. Parasite viability was also assessed quantitatively by the MTT reduction assay. The procedure used was essentially as described by Comley et al.
(6), with a slight modification. Briefly, after microscopic assessment of parasite viability, adult wormns were transferred to 0.5 ml of phosphate-buffered saline (PBS) containing 0.5 mg of MTT (Sigma) per ml. The mf or L3 were suspended in 0.1 ml of PBS containing 0. malayi worms (n = 5) were incubated in 5 ml of medium containing MDC or cystamine, and appropriate controls were incubated in medium alone. After 72 h of incubation, the adult worms were removed and the culture fluid was centrifuged at 1,000 x g for 10 min to collect the mf released into the spent medium. The supematant was aspirated completely, and 100 ,ul of MTT (0.5 mg/ml) was added to the pellet. This mixture was incubated for 2 h at 37°C. The pellet was washed once with PBS, centrifuged, and resuspended in 100 ,ul of DMSO. The parasite-DMSO nmixture was then transferred to a microtiter plate and was incubated for 1 h at room temperature, and the solubilized formazan was quantitated by reading the A595. Statistical comparisons were made by the t test. (16) , and cystamine or iodoacetamide, the active-site inhibitors of TGase (9, 23) , inhibited adult worm motility in a time-and dose-dependent manner (Table 1) . A significant inhibition of adult female worm motility was evident after 4 h of incubation in the presence of 0.3 mM MDC. However, at equimolar concentrations, DDC, which lacks the primary amine group necessary for TGase activity, showed no macrofilaricidal effect, even after 72 h of incubation. Adult worm mobility and viability were also reduced by cystamine and iodoacetamide at the higher concentrations. Interestingly, the viability of adult male worms was also affected by the enzyme inhibitors (data not shown).
A similar effect of enzyme inhibition on the viability of B. malayi L3 was observed ( Table 2 ). For example, 28% of L3 became immobile and died after 4 h of incubation in the presence of 0.3 mM MDC. However, DDC, the inactive analog of MDC, showed no larvicidal effect, and all the L3 remained highly motile and active, even after 24 h of incubation in the presence of 0.3 mM DDC. L3 mobility was inhibited to 100% in 4 h when L3 were incubated with 0.5 mM MDC. A relatively high concentration of cystamine (1 mM) was needed to accomplish a similar larvicidal effect; iodoacetamide was more active. At a 0.1 mM concentration of iodoacetamide, all the L3 became immobile after 24 h of incubation ( Table 2 ).
The mf obtained from the peritoneal cavity of infected jirds were also susceptible to TGase inhibitors (Table 3 ). All three inhibitors tested, but not the inactive analog (DDC), caused a dose-and time-dependent inhibition of mf mobility, which eventually led to the death of the parasites. The inhibitor-induced effect on the mobility of the parasites was irreversible; they failed to recover even 24 h after the removal of inhibitors.
The visual microscopic observations on the effect of enzyme inhibitors on viability were confirmed in a colorimetric assay by determining the ability of the parasites to reduce the tetrazolium salt MTT to its blue formazan derivative. As reported earlier by Comley et al. (6) (Table 4) . About 65% inhibition in formazan formation by adult worms was observed within 1 h when they were incubated in the presence of 0.3 mM MDC ( Table 4) .
The effect of MDC and cystamine on mf release from adult worms was studied by the MTT reduction assay (Table 5) . At lower concentrations of MDC (0.2 mM) and cystamine (0.1 mM), the observed inhibitory effect on mf production and release was reversible; the female worms started releasing mf into the culture medium after removal of the inhibitors and culture in fresh medium (data not shown). However, the female worms pretreated with MDC or cystamine at relatively higher concentrations (>0.3 mM) were unable to recover from such an inhibitory effect. Formazan formation was greatly reduced in samples containing mf released from adult worms incubated in the presence of MDC (0.1 and 0.2 mM) or cystamine (0.1 and 0.4 mM) when it was compared with that in the controls, suggesting the inhibitory effect of MDC and cystamine on mf release by female worms and/or on their viability (Table 5) . A similar inhibitory effect of MDC on mf production by female worms and on adult worm survival was observed in A. viteae. Incubation of A. viteae A concentration-dependent effect of TGase inhibitors against B. malayi adults, mf, and L3 was observed in the present study. MDC, a highly potent competitive amine inhibitor of TGase (16, 17) , and cystamine, an active-site inhibitor, had a parasiticidal effect against B. malayi in vitro at various stages. MDC also significantly inhibited mf production and release by female worms. Similar inhibitory effects were caused by MDC against A. viteae in vitro. Furthermore, a parallel between viability and MTT incorporation was observed in inhibitor-treated parasites. The present results further corroborate evidence presented in previous reports (6, 7) that the MTT reduction assay could be an effective tool for evaluating the filaricidal activity of therapeutic agents.
Several studies with Onchocerca volvulus, Litomosoides carinii, and A. viteae suggested that ivermectin inhibits embryogenesis and mf release from adult worms (2, 21, 27) . In the present study, TGase inhibitors showed a similar inhibitory effect on the production and release of mf in vitro, indicating the possible involvement of TGase in embryogenesis and mf release by the adult female worms. It is possible that the filaricidal or embryostatic effect of ivermectin may be associated in some way with the intervention of TGasecatalyzed reactions in these parasites. Further studies to elucidate this hypothesis and to determine the precise biological and biochemical roles of pTGase in parasites are being conducted. TGases have been implicated to participate in a variety of disease states, including viral infections (3, 8, 15, 20) , and a need for a specific and active TGase inhibitor has been suggested. Until such inhibitors are available, one must continue using alternative approaches with caution to answer pertinent questions regarding the significance of TGase-catalyzed reactions. We have used MDC, one of the most potent substrate inhibitors of TGase (17), to study the role of pTGase-catalyzed reactions in the growth and survival of filarial parasites. The MDC-induced effects on these parasites seemed quite specific in view of the fact that its structurally related analog (DDC) failed to induce either an embryostatic or a parasiticidal effect. Furthermore, structurally unrelated compounds that inhibit TGase by binding to its active site exerted similar effects on parasites.
Recently, synthesis of several compounds that specifically inactivate the mammalian TGase by binding to the active site have been reported by Syntex (USA) Inc., Palo Alto, Calif.
(5). One such inhibitor was N-benzyloxycarbonyl-D,L-P-(3-bromo-4,5-dihydroisoxazol-5-yl)-alanine benzylamide. This TGase inactivator was tested against helminthic infections and was found to be active in vitro against Nippostrongylus braziliensis. Incubation of N. braziliensis in the presence of this inhibitor at micromolar concentrations markedly reduced viability, mobility, and molting in vitro. The same inhibitor was also effective in vivo against Nematosporoides dubius and Hymenolepis nana in Swiss-Webster mice, significantly reducing parasite numbers. The results of the present study envisage a potential target for the chemotherapy of filarial infections based on the newly identified key regulatory enzyme pTGase. However, identification of the regulatory biochemical pathways of the pTGase enzyme is imperative in order to develop efficacious and less toxic inhibitors. The results also suggest a method for blocking production of mf in adult worms and thereby interrupting transmission of infection and ultimately preventing the adult worm-or mf-induced pathogenesis.
In conclusion, results of this study strongly support the notion that pTGase may act as a key enzyme in the growth, development, and survival of the filarial parasites and that pTGase could serve as a potential target for new therapeutic agents for treating filariasis.
